Carbonates have been known to act as hydrocarbon source rocks, but their basic geochemical and associated hydrocarbon generation characteristics remain not well understood as they occur with argillaceous source rocks in most cases, and the hydrocarbon generation from each rock type is difficult to distinguish, forming one of puzzling issues within the field of petroleum geology and geochemistry. To improve the understanding of this critical issue, this paper reviews recent advances in this field and provides a summary of key areas that can be studied in future. Results show that carbonate source rocks are generally associated with high-salinity environments with low amounts of terrestrial inputs and low dissolved oxygen contents. Petrographically, these source rocks are dark gray or black, fine-grained, stratified, and contain bacterial and algal bioprecursors along with some other impurities. They generally have low organic matter contents, although these can vary significantly in different cases (e.g., the total organic carbon contents of marine and lacustrine carbonate source rocks in China are generally 0.1%-1.0% and 0.4%-4.0%, respectively). These rocks contain type I and type II kerogen, meaning there is a lack of vitrinites. This means that assessment of the maturity of the organic matter in these sediments needs to use non-traditional techniques rather than vitrinite reflectance. In terms of molecular geochemistry, carbonate source rocks have typical characteristics indicative of generally reducing and saline environments and lower organism-dominated bioprecursors of organic matter, e.g., high contents of sulfur compounds, low Pr/Ph ratios, and dominance of n-alkanes. Most of the carbonate source rocks are typically dominated by D-type organic facies in an oxidized shallow water mass, although high-quality source rocks generally contain A-and B-type organic facies in saline lacustrine and marine-reducing environments, respectively. The hydrocarbon generation model for the carbonate source rocks can involve early, middle, and late stages, with a diversity of hydrocarbons within these rocks, which can be aggregated, adsorbed, enclosed within minerals, or present as inclusions. This in turn implies that the large-scale hydrocarbon expulsion from these rocks is reliant on brittle deformation caused by external forces. Finally, a number of aspects of these source rocks remain unclear and need further study, including the effectiveness of carbonates as hydrocarbon source rocks, bioprecursors, and hydrocarbon generation models of carbonate source rock, and the differences between marine and lacustrine carbonate source rocks.
has focused on the reservoir characteristics of these rocks rather than their source rock characteristics in general.
However, more and more cases have indicated that carbonate source rocks are not only widely distributed spatially but also span a significant part of geological history from the Proterozoic to the Cenozoic, and 30%-40% of the world's oil and gas reservoirs might have contributions from such rocks (Palacas et al. 1983; Fu and Jia 1984; Jones 1984; Cordell et al. 1992; Daher et al. 2014; Xie et al. 2016 ). This implies the global importance of carbonate source rocks and has increased research and exploration interests in these units. The previous studies can be divided into two main areas. First, the evaluation criteria for carbonate source rocks, especially the lower limit of total organic carbon (TOC) content, have caused extensive discussion. Hunt (1967) proposed a lower threshold criterion for carbonate source rocks at a TOC of 0.3%, compared with argillaceous source rocks. Later, Jones (1984) and Bissada (1982) argued for a higher threshold criterion at TOC of 1.0%. Then, Chinese scholars further put forward more systematic evaluation criteria for carbonate source rocks, including the abundance, type and maturity of organic matter (Qin et al. 2004; Cheng 2007) . Second, characteristics of petroleum produced by carbonate source rocks were discussed. Many scholars have noticed that oil generated from carbonate source rocks usually has relatively lower API gravity than that generated from argillaceous source rocks and could also be relatively light with relatively high API gravity in some cases (Hughes 1984; Edman and Pitman 2010; Al-Khafaji et al. 2017) . For example, the average API gravity of oil derived from carbonate source rocks of the Upper Cretaceous Eagle Ford Group, west Texas, USA, is 30° API (Edman and Pitman 2010) and API gravity of oil sourced from Late Jurassic to Early Cretaceous carbonate source rocks in the Mesopotamian Basin, South Iraq, ranges from 19° API to 27° API (Al-Khafaji et al. 2017) . Wang et al. (2010) studied the features of organic geochemistry of sulfur-rich petroleum derived from lacustrine carbonate source rocks in the Bohai Bay Basin, East China. Yurchenko et al. (2018) compared the composition of petroleum from carbonate and argillaceous source rocks in the Triassic Shublik Formation, Alaska North Slope, U.S.A. In addition to oil, there are also some studies on natural gas but resulting in great debates. For example, for the middle Ordovician Majiagou Formation, natural gas under evaporites in the Ordos Basin, central China, Yang et al. (2009) argued that the source of this gas accumulation was marine carbonates of the Majiagou Formation based on carbon isotopes of methane. However, Yang et al. (2014) proposed that the gas is mainly sourced from Carboniferous-Permian coal-bearing strata, according to the fact that TOC of Ordovician marine carbonates is too low to generate large amount of hydrocarbons.
Nevertheless, the study of carbonate source rocks remains controversial and not well known in terms of basic characteristics and genesis because they commonly occur with argillaceous source rocks and to strictly differentiate them is not easy. For example, the differences between marine and lacustrine carbonate source rocks, the lithological characteristics of these units, the effectiveness of hydrocarbon generation, and their hydrocarbon generation models and mechanisms are not well understood. As a consequence, this forms one of the critical issues in the field of petroleum geology and geochemistry.
To improve the understanding of this critical issue, we provide here an overview of the research into these hydrocarbon source rocks based on representative global examples, including the basic geology, geochemistry, and hydrocarbon generation characteristics, and finally fields for future research.
2 Geology and geochemistry of carbonate source rock
Representative examples of carbonates as hydrocarbon source rocks
Organic-rich, fine-grained carbonate source rocks are widely distributed and may have contributed 30%-40% of the world's oil and gas that has been identified in reservoirs to date (Jones 1984 ; Fig. 1 , Table 1 ). The majority of these source rocks formed during the Mesozoic or Cenozoic with the notable exception of Paleozoic-dominated Chinese marine carbonate source rocks (Table 1) . Carbonate source rocks are subdivided into marine and continental end members. Taking China as an example, marine carbonate source rocks were developed in the Sichuan, Tarim, and Ordos basins, which are old, have been deeply buried and contain relatively low amounts of organic matter due to high thermal evolution (Wang et al. 1995; Zhao et al. 2005; Fang et al. 2017) . In contrast, the Paleogene Bohai Bay Basin and the western Qaidam Basin are associated with lacustrine carbonate source rocks (Wang et al. 2010 ) that are similar to those outside of China.
Basic geology of carbonate source rock: sedimentary environment and petrography
It has been commonly accepted that the sedimentary environment of carbonate rock is mostly dry and evaporative, the salinity of the corresponding water mass is high, and the abundance of organic matter is low (Tissot and Welte 1984) . Oehler (1984) suggested that carbonate source rocks 1 3
are generally formed in depositional environments with the following four main characteristics: (1) high salinity and low dissolved oxygen conditions; (2) location in a hydrostatic bottom environment caused by terrain obstacles or stratification of the overlying water mass; (3) high abundances of algae and bacteria as bioprecursors; and (4) relatively low abundances of terrestrial clasts and organic matter. The four types of sedimentary environment that meet these conditions are summarized in Table 2 (Oehler 1984; Zumberge 1984) . In terms of lithology, the majority of the carbonate source rocks that formed in these sedimentary environments are argillaceous limestones and micrites (Huang and Lv 2011) . Cordell et al. (1992) summarized the general lithologic characteristics of these source rocks as follows.
(1) Generally dark gray or black, suggesting higher organic carbon contents than other associated rocks. (2) Finegrained or microcrystalline, bedded or micro-bedded, with TOC that increases with decreasing particle size (Gehman 1962; Veber and Gorskaya 1965) . This may reflect the fact that fine-grained or microcrystalline sediments favor the accumulation of organic material during sedimentation as well as the preservation of this material during diagenesis, while their bedded or micro-bedded structures usually reflect an absence of bioturbation as a result of deposition in an anoxic environment. (3) Numerous algal and bacterial components are present. The bacteria and algae are thought to generate sapropelic kerogen and be the main source of hydrocarbons in these environments associated with evaporite sequences (Kirkland and Evans 1981) . (4) Contain varying amounts of clays or other impurities (e.g., fine-grained quartz). In particular, they may contain montmorillonite and illite, both of which tend to absorb organic matter, leading to these impure units containing higher amounts of organic matter than purer carbonates (Hunt and McNichol 1984) .
Here, we examine the samples with high carbonate contents from the lower Permian Fengcheng Formation in the Mahu sag of the northwestern Junggar Basin (NW China) as a case study, because few such data of strictly carbonate source rocks are available to the best of our knowledge. This formation is lithologically complex and contains dark gray and algal-residue-rich dolomites, muddy dolomites, tuffaceous dolomites, and dolomitic mudstones ( Fig. 2 ; Cao et al. 2015; Liu et al. 2016; Ren et al. 2017) . These dolomites are fine-grained (Fig. 2a) and have carbonate layers that are interbedded with clay layers (Fig. 2b) , yielding a stratified structure and indicating that most of these carbonates have high clay contents. They also contain numerous microspores that strongly fluoresce (Fig. 2c) , and the fine-grained dolomites also contain red coral algae (Fig. 2d-f) . Figure 2g shows a benthic macroalgal leaf with an edge that strongly fluoresces. (Tissot et al. 1978; Palacas et al. 1984; Hakami et al. 2016) .
As for the marine carbonate source rocks, most have a good type of organic matter prone to oil generation, TOC has a negative correlation with thermal evolution and can be reduced by up to 80% for type I kerogen by maturation (Daly and Edman 1987; Jarvie 2014) . For example, marine carbonate source rocks of the Middle Triassic Besano Formation in the Southern Alps, Italy, dominated by limestones and marls, have TOCs which reduce from 35.0% to 1.0% with R o rising from 0.4% to 3.3% (Katz et al. 2000) . In China, marine carbonate source rocks are mostly highly mature to over mature and thus contain generally a low abundance of organic matter (TOC = 0.1%-1.0%; Li 2005) .
Lacustrine carbonate source rocks have highly variable organic matter abundance. For example, the Paleogene lacustrine carbonate source rocks in the western Qaidam Basin have generally low organic matter abundance (TOC generally < 0.4%; Su et al. 2006; Wang et al. 2009 ). However, the Paleogene lacustrine carbonate source rocks of the Green River Formation in the Uinta Basin (USA) and the Hetaoyuan Formation in the Biyang sag (China) contain relatively high amounts of organic matter with TOC ranging at 1.0%-20.0% and 0.5%-7.6%, respectively (Tissot et al. 1978; Tuo et al. 1997; Burton et al. 2014 ). This may reflect that complex factors influence the variability of organic matter abundance of these source rocks. The diagenesis of carbonate rocks, processes such as dolomitization and microbial effects, can affect organic matter abundance. For example, the dolomitization of stromatolitic limestones can replace organic matter within algal mats, reducing the amount of organic matter within these rocks. In addition, aerobic bacteria within oxygenated layers can decompose the majority of the organic matter within rocks, and methanogens within anaerobic layers can consume CO 2 and free hydrogen to produce methane. This implies that numerous complex factors can affect organic matter abundance within carbonate source rocks.
The relatively low organic matter abundance within Chinese carbonate source rocks means that the lower limits of this abundance are critical for evaluating the hydrocarbon generation potential of these rocks as well as the exploration potential, as exemplified by a number of in-depth studies (Zhang et al. 2002; Cheng 2007; Huo et al. 2016) . Combining thermal simulation studies of petroleum generation with actual exploration results, it is proposed that the lower prospective limit of organic matter abundance within carbonate source rocks is commonly lower than 0.5% TOC (Palacas 1983) , and even as low as < 0.2% TOC (Fu and Jia 1989) . This is remarkably lower than that for potential argillaceous source rocks as 1.0% TOC (Bissada 1982; Katz and Lin 2014) or 0.5% TOC (Peters and Cassa 1994) , although further research is needed in this area.
Types of organic matter
As outlined above, carbonate source rocks are generally formed in hydrostatic environments. This means that these rocks contain bioprecursors that lack contribution of terrestrial organic matter and are dominated by bacteria and algae along with minor amounts of animal organic debris, in turn leading to type I and II kerogen in general with more of type II. As a result, carbonate source rocks can generate significant volumes of liquid hydrocarbons in the immature to early stages of thermal maturity due to the uniqueness of their bioprecursors (Tissot and Welte 1984) . For example, marine carbonate source rocks of the Middle Jurassic Tuwaiq Mountain Formation in Saudi Arabia (Middle East), which are the main source rocks of the Ghawar Oil Field, the world's largest conventional oil field, contain type I to type II kerogen in limestones and calcareous mudstones (Hakami et al. 2016; Peng and Cantrell 2016) . In China, Fu and Jia (1989) suggested that Neoproterozoic to Devonian marine carbonate source rocks contain type I kerogen, whereas carbonate source rocks deposited after the Carboniferous contain mixed kerogen as a result of increased terrestrial inputs.
The kerogen types of lacustrine carbonate source rocks have similar features. For example, the lower Permian Fengcheng Formation in the Mahu sag, northwestern Junggar Basin of NW China, contains type I to II kerogen and is associated with oils derived mainly from algae. These rocks contain numerous microspores that fluoresce (Fig. 2c) as well as coral algae within dolomitic source rocks (Fig. 2d-f ) and macroscopic benthic algae leaves (Fig. 2g ) that represent residues after hydrocarbons generated from algal bioprecursors. As for the occurrence form and distribution of organic matter, bacteria occur mainly as disseminations in the rocks. Planktonic algae are present mostly in amorphous forms that are dispersed in carbonates due to the alteration of bacteria, or they could have a lamellar occurrence. Benthic algae are characterized by leaf or grid-cell structures. These features would directly affect the hydrocarbon generation and expulsion capabilities of carbonate source rock.
In summary, carbonate source rocks contain higher amounts of oil-generating materials than argillaceous source rocks containing the same amount of organic carbon (Hunt and McNichol 1984) , thereby highlighting the oil generation potential of carbonate rocks.
Organic matter maturity
As noted above, carbonate source rocks contain organic matter that is dominated by bacteria and algae, which means that they generally lack vitrinites. Consequently, the maturity of these source rocks cannot be easily estimated using traditional methods based on vitrinite reflectance (R o ), meaning that a number of indirect approaches have been used. For example, (1) Feng and Chen (1988) determined that bitumen reflectance (R b ) values can be converted to vitrinite reflectance values using parameters derived from laboratory-based thermal simulation experiments that yielded the following equation: R o = 0.3154 + 0.0679 R b . (2) The maturity of carbonate source rocks can be estimated using the color of kerogen, spores, pollens, conodonts, acritarchs, and chitinozoans (Cordell et al. 1992; Wang 1993) , especially the well-known conodont alteration index (CAI; Epstein et al. 1977) . A comparative study by Qi et al. (1998) , who compared CAI and R o values in adjacent sedimentary layers, yielded a regression equation as follows: R o = 0.6175 CAI-0.1832 (with a correlation coefficient R of 0.99). (3) Organic matter maturity can also be estimated using biomarker characteristics such as T s /T m ratios, the 22S/22R ratios of C 31 -C 35 hopanes, and the 20S/(20S + 20R) ratios of C 29 steranes (Cordell et al. 1992) , although all of these biomarkers can be effectively used in mature stages.
Molecular geochemistry
Jones (1984) compared biomarkers within carbonate and shale source rocks and determined that the former and their generated crude oils have the following four key characteristics. (1) They contain high concentrations of sulfur compounds, suggesting that bacteria may have reduced sulfate to produce H 2 S gas. This may have increased the sulfur content of the source rocks during carbonate diagenesis, and the sulfur become bound into generated crude oils. (2) They are characterized by low Pr/Ph ratios, reflecting their formation in reducing depositional environments. (3) They contain C 18 -C 30 alkanes that have an even to odd carbon preference, which might imply some special bioprecursors. (4) Finally, they have lower diasterane abundances relative to sterane, which might imply some special bioprecursor compositions or less clay minerals in carbonate source rocks. In addition, Palacas et al. (1983) and Moldowan et al. (1985) summarized other carbonate source rock biomarker characteristics, including relatively high heteroatom (NSOs) and resin contents, high aromatic hydrocarbon contents in hydrocarbons, higher sterane and terpene contents relative to alkane contents, and high benzothiophene contents in hydrocarbons.
Taking the research into Chinese Paleozoic marine carbonate source rocks as examples, Cheng et al. (1996) summarized the characteristics of their biomarkers as follows.
(1) They have a single peak distribution of n-alkanes with a low main carbon peak and a clear even to odd carbon preference. (2) They also contain regular and irregular C 21 -C 25 acyclic isoprene alkanes derived from cyanobacteria and archaea. (3) These source rocks also generate C 31 -C 35 long side-chain tricyclic terpanes within bacterial and algal cell membranes, and C 31 -C 35 homohopanes that are controlled by salinity conditions. (4) These source rocks did not contain significant amounts of pregnanes but these compounds were concentrated in the generated crude oils. (5) C 29 steranes are present in higher concentrations than C 27 and C 28 steranes and are derived from algae during the Paleozoic rather than from higher plants.
Organic facies
Organic facies refer to specific rock assemblages that have certain organic matter abundance, type, source, and depositional environment (Rogers 1979) . These facies are divided into four types A-D in general, mainly based on kerogen H/C ratio at R o of ~ 0.5% and pyrolysis parameters like HI and OI, whose representative depositional and organic geochemical characteristics are summarized in Tables 3 and 4 . In particular, organic facies A is preferentially associated with carbonate source rocks as a result of the lack of terrestrial organic matter inputs relative to argillaceous source rocks. This may also reflect inorganic hydrogeneration in alkaline lacustrine environments, e.g., the well-known Green River Formation (Jones 1984) . However, the extremely special formation conditions of the organic facies A means that this type of source rock is relatively rare in the geological record for both carbonate and mudstone/shale sedimentary units outside the Middle East.
In contrast, the majority of hydrocarbon source rocks worldwide are characterized by organic facies B, in a general view of both carbonate and argillaceous source rocks. Specifically, characteristics of this type of carbonate source rocks differ from argillaceous source rocks in that the former contains very little iron, meaning that carbonate source rocks contain more sulfur than argillaceous source rocks. With respect to organic facies C, which is associated with continental depositional environments, it is more commonly associated with argillaceous source rocks. Finally, the majority of carbonate rocks are associated with organic facies D, primarily as a result of these rocks being slowly deposited in an oxidized shallow water mass. This implies that these rocks generally have low hydrocarbon generation potential as a result of forming in strongly oxidized environments (Larskaia 1977 ). An overview of the characteristics of different organic facies can be exemplified by the Cretaceous Greenhorn Formation in Colorado, including the correlations between organic carbon, calcium carbonate, and hydrogen index values ( Fig. 3; Pratt 1982) . Note that the rarity of organic facies A in the geological record means it is absent in these figures. However, this type of organic facies has large oil generation potential, e.g., the Eocene Green River Formation in the Uinta Basin, USA (Tissot et al. 1978; Zhang et al. 2009; Burton and Sullivan 2014) .
3 Hydrocarbon generation of carbonate source rock
Characteristics and models of hydrocarbon generation
As presented above, carbonate source rocks vary largely from traditional argillaceous source rocks in terms of lithology and geochemistry. As a result, the hydrocarbon generation is expected to be different. However, this issue has not been well studied because produced oils in most cases are a mixture derived both from carbonate and from argillaceous source rocks, as outlined above (Lü et al. 2017) . Thus, the majority of research into hydrocarbon generation of carbonate source rock is mainly based on thermal simulation experiments. Based on the experimental data from the Ordos, Gansu, Sichuan, Tarim, and North China areas, Wang and Cheng (1997) proposed a three-stage hydrocarbon generation model for carbonate source rocks. The first stage is characterized by the depolymerization of biological macromolecules to form immature oil. The second stage is associated with the pyrogenic generation of hydrocarbons from a significant amount of kerogen within the source rocks. The final stage is associated with late and post-thermal maturity where organic matter included in minerals is released (Fig. 4) . This is the same as that of traditional argillaceous source rocks, but the products, yields, and sources of hydrocarbon are obviously different in each stage, especially in the first and third stages. The majority of hydrocarbons are generated during the second stage of thermal maturity as a result of kerogen degradation. However, biological macromolecules derived from bacteria and algae can also depolymerize to form a considerable amount of immature oil during the first stage of evolution of carbonate source rock; in contrast, the immature oil sourced from traditional argillaceous rocks is extremely limited. In addition, the third stage of the evolution of argillaceous source rocks generates wet gas and condensate oil, whereas carbonate source rocks release liquid hydrocarbons derived from included organic matter. This indicates that carbonate source rocks can generate liquid hydrocarbons over a wider range of thermal maturity than argillaceous source rocks. This is one of critical differences between these two types of source rocks.
Notably, the three-stage hydrocarbon generation model for carbonate source rocks above is based on a comprehensive analysis of samples from marine, lacustrine, and marine-terrigenous carbonates. However, the actual hydrocarbon generation models for these different carbonates also have their own characteristics. For example, Huang and Lv (2011) compared marine carbonate source rocks of the upper Permian Wujiaping Formation of the Sichuan Basin ( Fig. 5a ) with argillaceous source rocks of the Eocene of the Nanxiang Basin (Fig. 5b) . Comparative results indicate that these marine carbonate source rocks yielded significant amounts of liquid hydrocarbons but relatively low amounts of gaseous hydrocarbons. In addition, compared with argillaceous source rocks, the carbonate source rocks have a peak period of oil production that is earlier, but a gaseous hydrocarbon peak that is unclear and maybe later than is the case for argillaceous source rocks. Ma et al. (2012a, b) undertook pyrolysis simulation experiments on lacustrine mudstone and argillaceous dolomite source rocks of the Cretaceous Zhonggou Formation, within the Qingxi Sag of the Jiuxi Basin, NW China, to compare the hydrocarbon generation model of these lacustrine carbonate source rocks with more typical argillaceous source rocks (Fig. 6) . Results show that the petroleum-generating capacity of these lacustrine argillaceous dolomites is higher than that of the argillaceous source rocks in this area. These carbonate source rocks also have later liquid and gaseous hydrocarbon generation peaks than those of the argillaceous source rocks, indicative of a late hydrocarbon generation characteristic.
These studies indicate similarities and differences in oil and gas productivity, and the peaks of oil and gas generation between the marine and lacustrine carbonate and argillaceous source rocks. Marine and lacustrine carbonate source rocks have higher oil productivities than mudstones or dolomitic mudstones, as well as later gaseous hydrocarbon production peaks (Table 5 ). In addition, less gas is produced from marine carbonates than mudstones (Huang and Lv 2011) , but more gas is produced from lacustrine carbonates than dolomitic mudstones (Ma et al. 2012a, b) . Finally, the timing of peak oil generation from marine carbonates is earlier than is the case for argillaceous source rocks (Huang and Lv 2011), whereas the opposite is true for lacustrine carbonates (Ma et al. 2012a, b) .
In summary, the characteristics and models of hydrocarbon generation from carbonate source rocks are still not sufficiently known. This can be ascribed to multiple possible reasons. For example, samples vary between studies. Unlike Ma et al. (2012a, b) who compared lacustrine carbonates with dolomitic mudstones in the Jiuxi Basin, Huang and Lv (2011) compared marine carbonates in the Sichuan Basin with mudstones in another basin. This may lead to confusion due to different geological settings, e.g., organic bioprecursors and maturity, and mineral compositions. Sedimentary environment is another important control. Forming in saline environments, marine carbonates contain plentiful sulfur that may help an early oil generation because of easy breakage of S-C bonds. In addition, catalysis by minerals might have an important impact on the timing of hydrocarbon generation, and thus, different lithological source rocks would have different evolution histories of hydrocarbon generation (Geatches et al. 2010 ). Further research is needed to fully understand these complex and seemingly contradictory differences in hydrocarbon generation.
Mechanism of hydrocarbon generation
The unique hydrocarbon generation characteristics of carbonate source rocks as discussed above have been interpreted as being a result of the heterogeneous and complex hydrocarbon generation caused by diverse organic matter within these sediments (Cheng et al. 1996) . Organic matter within carbonate source rocks is both aggregated and disseminated and can be classified into three categories as follows (Fu and Jia 1984) . (1) Adsorbed organic matter that is adsorbed onto the surfaces of minerals or rocks and is easy to release, including void-filling, amorphous, and debris-type organic matter. Cheng et al. (1996) further divided void-filling organic matter into fracture, biological void, crystal void, geode, intergranular, and stylolite types of filling. (2) Mineral-enclosed-type organic matter that is not easy to release is present within generally aphanitic or microcrystalline minerals, including intergranular combined, floc, and disseminated types of organic matter that does not migrate but represents protogenetic organic matter instead. (3) Organic matter hosted by inclusions within crystalline minerals that is large but is not easy to release. The main difference between crystal-enclosed and inclusion-hosted organic matter is that the first has not migrated but is protogenetic, whereas the latter has migrated and is secondary.
The presence of these different types of organic matter is responsible for the unique three-stage model of hydrocarbon generation in carbonate source rock. The immature stage of this model is characterized by the depolymerization of lipid-rich biomacromolecules that are either aggregated or dispersed within the carbonate source rocks to form immature to early mature oil, which may also be related to the relatively high content of bitumen associated with good oil-prone types of organic matter, compared with that of argillaceous source rocks (Cordell 1992) . The middle stage of maturity is associated with pyrogenic hydrocarbon generation from a significant proportion of the kerogen within the source rocks. The later final stage of thermal maturity is associated with the release of partially liquid hydrocarbons from crystal-and inclusion-hosted organic matter.
Hydrocarbon expulsion
Hydrocarbons start to be expelled and to migrate from source rocks after generation. Many studies have examined the expulsion and migration of hydrocarbons from carbonate source rocks (Jones 1984; Cordell et al. 1992; Cheng et al. 1996) . Jones (1984) suggested that the main differences in hydrocarbon expulsion between carbonate and argillaceous source rocks are the result of differences in physical properties. In general, carbonate source rocks are relatively brittle, heterogeneous, and compact compared with argillaceous source rocks, meaning that the former are more prone to rupture and the hydrocarbons are easier to expel. This suggests that oil and gas can migrate from carbonate rocks explosively under certain geological conditions, as exemplified in the world's largest oilfield, Ghawar. Hydrocarbon expulsion Ma et al. (2012a, b) and migration from source rocks containing high concentrations of organic matter under high-temperature conditions in a passive structural environment are limited as a result of a decrease in permeability. However, tectonic disruption of these rocks can lead to the explosive expulsion and migration of hydrocarbons and the release of a significant amount of oil and gas to reservoirs. Close attention has been paid to the effects of physical compaction and stylolitization on hydrocarbon expulsion during the diagenesis of carbonate rocks (Cordell et al. 1992; Jia et al. 2016) . For example, the fact that the physical compaction of carbonate rocks generally takes place at depths shallower than 300 m (i.e., far from the oil window) means that the accompanying cementation, crystallization, and recrystallization act to inhibit this physical compaction. Consequently, physical compaction does not affect the expulsion of hydrocarbons from carbonate rocks, a significant difference when compared with argillaceous source rocks. In addition, organic matter within carbonate source rocks often migrates along stylolites formed by chemical compaction, a process that can also facilitate the lateral migration of oil and gas. Cordell et al. (1992) also stressed that oil and gas can only continuously migrate along layers or stylolites within stratified or stylolite-bearing carbonate rocks. The majority of cases have oil-bearing layers that are separated by aquifers, meaning that microcracks or larger fractures act as the main migration channels for oil and gas. Cheng et al. (1996) used hydrocarbon generation simulations to summarize the characteristics of petroleum migration and expulsion within immature carbonate source rocks as follows. (1) Hydrocarbon generation in carbonate source rocks occurs early but produces oil that is generally sealed within the source rocks rather than expelled. (2) The timing of significant hydrocarbon expulsion is dependent on brittle deformation of source rock as a result of external forcing rather than physical compaction, a process that dominates the expulsion of hydrocarbons from argillaceous source rocks. (3) Carbonate source rocks can discharge liquid hydrocarbons during the late stages of maturity. These hydrocarbons are derived from crude oil preserved by inclusions within carbonate minerals that formed before the source rocks entered the upper limits of the oil window.
These types of hydrocarbon expulsion are illustrated by the lower Permian Fengcheng Formation in the Mahu sag ( Fig. 2h-i) . Here, hydrocarbons were expelled from carbonate source rocks as a result of brittle deformation caused by external forces that generated fractures and stylolites. This is illustrated by the fractures developed in micritic dolomites that are shown in Fig. 2h-i , where black residual organic matter within these fractures is shown under plane-polarized light in Fig. 2h . These sediments also contain asphaltenes that barely fluoresce and highly fluorescent organic matter fragments as residual hydrocarbons along the fractures (Fig. 2i) , thereby indicating the importance of brittle fracturing to the expulsion of hydrocarbons from these source rocks.
Research prospects
Based on the above discussion, it can be concluded that the geochemistry and hydrocarbon generation characteristics of carbonate source rock are different from those of traditional argillaceous source rock and are understudied due to the complexity. However, these need to be investigated as carbonate source rocks are widely developed and play important roles in hydrocarbon accumulation. Thus, to improve the understanding of these critical issues, we outline several key areas for future research that can also aid in future hydrocarbon exploration.
(1) Effectiveness of carbonate source rocks
The effectiveness of carbonate source rocks remains a controversial topic. For example, Cordell et al. (1992) , Katz et al. (2000) , and Huang and Lv (2011) suggested that these rocks could be effective hydrocarbon sources relative to argillaceous source rocks. However, the fact that carbonate rocks generally develop in open and oxygenated water bodies means that the original bacterial and algal organic matter may decompose, a process that is not conducive to hydrocarbon generation. Degens (1964) suggested that carbonates are generally poor hydrocarbon source rocks that rarely generate economic hydrocarbon resources.
In addition, carbonate sedimentary sequences often contain both argillaceous and carbonate components in variable proportions, meaning that understanding variations in the contribution of argillaceous and carbonate source rocks to hydrocarbon resources is important but challenging. For example, Yurchenko et al. (2018) confirmed the presence of two genetically distinct organofacies, namely "calcareous" and "shaly" end members. They analyzed oil families in the Triassic Shublik Formation, Alaska North Slope, by using oil-source rock correlation. Multiple methods were used, including chemometric evaluation of multivariate biomarkers, detailed comparison of mass chromatograms, individual biomarker ratios, and quantitative extended diamondoid analysis (QEDA). However, they did not characterize the mixing degrees between end-member oils, which is a key requirement for fully understanding the role of carbonate source rocks in hydrocarbon generation. In other words, if carbonate rocks are proven to contribute few to zero hydrocarbons to hydrocarbon reservoirs, there is no further requirement to study the source rock characteristics of these carbonates. In addition, the relationship between highquality source rocks and carbonate contents within them is complex, so it is not yet appropriate to rush to conclusions and more research is needed.
(2) Differences of marine and lacustrine carbonate source rocks As discussed above, there are two end members for carbonate rocks, i.e., marine and lacustrine. For example, in China, in addition to the Paleozoic marine carbonate source rocks, there are also Mesozoic and Cenozoic lacustrine carbonate source rocks. Then, the characteristics of marine and lacustrine carbonate source rocks should be discussed and compared comprehensively, including the sedimentary petrology, sources of biogenic organic matter, geochemistry, source rock evaluation indicators, and hydrocarbon generation. However, these problems remain poorly understood because the previous works are not detailed or comprehensive. For example, natural gas and oil that might be related to carbonate source rocks are dominantly produced in the marine Sichuan and Ordos basins and the lacustrine Bohai Bay Basin, respectively. Whether bioprecursors and mineralogical components in addition to the thermal maturity of organic matter have impact on this hydrocarbon generation is not clear.
Some research has tried to decipher the differences between hydrocarbon generation of marine and lacustrine carbonate source rocks. For example, Huang and Lv (2011) and Ma et al. (2012a, b) compared the hydrocarbon generation characteristics of marine carbonate rocks, lacustrine argillaceous source rocks, lacustrine dolomitic mudstones, and lacustrine carbonate source rocks. However, the comparison was not conducted within one individual area and one individual stratigraphic sequence, which makes the results and understanding not very convincing as the bioprecursors, types and thermal evolution of organic matter and mineralogical compositions in these environments might be very different. Given that there are multiple sets of Mesozoic and Cenozoic potential lacustrine carbonate source rocks and Paleozoic and precambrian marine carbonate source rocks in China, the study of the differences of hydrocarbon generation between them needs more work.
In summary, although marine and lacustrine environments might generate similar carbonate sequences, the impact of changing environments on variations in specific lithologies and organic precursors, and the hydrocarbon generation characteristics should be noted and investigated in detail in the future.
(3) Effects of lithologies of carbonate source rocks on hydrocarbon generation
The previous research has examined the geochemistry and characteristics of hydrocarbon generation and expulsion of carbonate source rocks as discussed above. However, carbonate source rock sequences include various types of rocks, e.g., limestones, dolomites, and marls (Hang and Lv 2011). The lithological variations which might have important effects on hydrocarbon generation potential have received little attention. It remains unclear which types of carbonate rocks (limestones, dolomites, or marls) can act as source rocks, and the effect of variations in these lithologies on hydrocarbon generation characteristics and potential is poorly known. These are all critical in the study of carbonate source rocks.
(4) Bioprecursors and hydrocarbon generation models of carbonate source rocks
It is thought that hydrocarbons generated within carbonate source rocks are generally derived from bacteria and algae rather than terrestrial organic matter. However, the proportion of bacteria and algae species, including phytoplankton, benthic algae, bacteria, and archaea, remains unclear. In addition, it is known that the different modes of preservation of organic matter within carbonates act as a significant control on hydrocarbon generation processes, but the exact processes that cause these differences remain unclear. These (and potentially other) factors mean that carbonate rocks have unique hydrocarbon generation mechanisms. For instance, Fu and Jia (1984) and Ma et al. (2012a, b) reported that carbonates generate hydrocarbons at a later stage than argillaceous source rocks, whereas Zhao et al. (2005) and Huang and Lv (2011) argued the opposite, thereby highlighting the lack of a widely accepted hydrocarbon generation model for carbonate source rocks. In addition, it is unclear whether the mineralogy of these carbonate source rocks has any influence on hydrocarbon generation processes, including whether carbonate minerals catalyze or delay the generation of hydrocarbons.
(5) Research methodology Like argillaceous source rocks, traditional source rock research methods have been widely used in the study of carbonate source rocks, including organic petrology, Rock-Eval pyrolysis, gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), and gas chromatography-mass spectrometry-mass spectrometry (GC-MS/MS).
Considering that carbonate source rocks have complex lithologies and bioprecursors, chemical compositional analyses have been applied, e.g., scanning electron microscopy (SEM), X-ray diffraction (XRD), electron probe microanalysis (EPMA), and laser Raman microspectroscopy (LRM) (Shang et al. 2018 ). In addition, as it is easier to expel hydrocarbons from carbonate source rocks than from argillaceous source rocks, improved simulation apparatus 1 3 for hydrocarbon generation and expulsion has been developed, i.e., simulation in finite spaces under a high-pressure liquid medium (Ma et al. 2012a, b) . Recently, Yurchenko et al. (2018) applied new geochemical methods based on QEDA to study the carbonate source rocks of the Triassic Shublik Formation, Alaska North Slope, USA. They determined the mixed oil types both from carbonate and argillaceous source rocks and established diamondoid signatures of source rock end members. In summary, more advanced methods need to be developed to meet the requirements of the study of carbonate source rocks, especially their hydrocarbon generation.
Conclusions
1. Carbonate rocks are an important type of hydrocarbon source rock, as exemplified by many cases, e.g., the South Florida Basin in the USA, the Ghawar oilfield in the Middle East, and the Jiuxi Basin in China. 2. These source rocks form in sedimentary environments characterized by low terrestrial inputs, high salinities, and low amounts of dissolved oxygen. They are dark gray to black, fine-grained, layered, and contain bacterial and algal residues as well as impurities. These source rocks contain generally low concentrations of organic matter, although these values can vary significantly in lacustrine environments. They contain type I and II kerogen, and the maturity of this organic matter is assessed by atypical means as a result of a lack of vitrinites. These source rocks have geochemical features characterized by high concentrations of sulfur compounds, low Pr/Ph ratios, and n-alkanes that are dominated by even numbers of carbons, low concentrations of diasteranes, and benzothiophene containing high concentrations of thiophene sulfur. They also are dominated by B-type organic facies settings, with the exception of lacustrine carbonates that are dominated by A-type organic facies settings. 3. These source rocks generally have a three-stage hydrocarbon generation model that is influenced by complex bioprecursors and occurrence of organic matter including adsorbed, crystal-hosted and inclusion-hosted. The expulsion of hydrocarbons from these source rocks is dependent on brittle deformation as a result of external forces (e.g., tectonism). 4. Significant research is still needed in this area, including determining the effectiveness of hydrocarbon generation of different carbonates, exploring the differences of hydrocarbon generation between marine and lacustrine carbonate source rocks, further characterizing the lithologies of carbonate source rocks and the effects of variations in lithology on hydrocarbon generation, determining the specific bioprecursors that form hydrocarbons, refining hydrocarbon generation models, processes, and mechanisms, and applying new methods to study carbonate source rocks.
